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E-mail address: hisakata@fechner.c.u-tokyo.ac.jp (Kitaoka recently reported a novel illusion named the Rotating Snakes [Kitaoka, A., & Ashida, H. (2003).
Phenomenal characteristics of the peripheral drift illusion. Vision, 15, 261–262], in which a stationary pat-
tern appears to rotate constantly. In the ﬁrst experiment, we attempted to quantify the anecdote that this
illusion is better perceived in the periphery. The stimulus was a ring composed of stepwise luminance
patterns and was presented in the left visual ﬁeld. With increasing eccentricity up to 10–14 deg, the can-
cellation velocity required to establish perceptual stationarity increased. In the next experiment, we
examined the effect of retinal illuminance. Interestingly, the cancellation velocity decreased as retinal
illuminance was decreased. We also estimated the human temporal impulse response at some retinal
illuminances by using the double-pulse method to conﬁrm that the shape of the impulse response actu-
ally changes from biphasic to monophasic, which indicates that the transient processing system has
weaker activities at lower illuminances. We conclude that some transient temporal processing system
is necessary for the illusion.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
In the design art ‘‘the Rotating Snakes” by A. Kitaoka, a dramatic
illusion of visual motion is perceived (Kitaoka & Ashida, 2003): a
stationary pattern appears to rotate constantly (Fig. 1, top). Hereaf-
ter we will call this novel illusion ‘‘the rotating-snakes illusion” for
the sake of convenience. The pattern is composed of luminance-de-
ﬁned micropatterns, each having four adjacent regions of different
luminances; white, light gray, black, and dark gray. The perceived
direction of the illusory motion is in this order.
The rotating-snakes illusion might be regarded as an enhanced
version of the Fraser–Wilcox illusion (Kitaoka & Ashida, 2003). The
original display for the Fraser–Wilcox illusion has a saw-tooth
luminance proﬁle in the order of white, light gray, dark gray, and
black, and the direction of illusory motion varies across observers
(Fraser & Wilcox, 1979). In contrast, the rotating-snakes illusion
is always perceived in the expected direction. Otherwise, the two
illusions have much in common. Both illusions are reported to be
greater in magnitude under the following conditions: (1) the stim-
ulus is viewed in the periphery; (2) observers blink or move their
eyes; (3) the luminance array pattern is spatially repeated in an
annular shape (Ashida & Kitaoka, 2003; Faubert & Herbert, 1999;
Fraser &Wilcox, 1979; Kitaoka & Ashida, 2003; Murakami, Kitaoka,
& Ashida, 2006).ll rights reserved.
R. Hisakata).Compared with the recent publicity of the design art ‘‘the Rotat-
ing Snakes” (e.g., Ramachandran & Rogers-Ramachandran, 2008),
scientiﬁc investigations of this illusion have been rather sparse.
As one of the pioneering studies, Faubert and Herbert (1999)
proposed an idea of differential latency among different luminance
levels creating apparent motion between adjacent stimulus areas
in the neural representation. Recently, Conway, Kitaoka,
Yazdanbakhsh, Pack, and Livingstone (2005) extended this idea
by introducing the concept of forward-phi motion from high to
low contrasts with the same polarity and reversed-phi motion
from low to high contrasts with opposite polarities with respect
to the mean luminance (Anstis & Rogers, 1975). Both theories
require that the stimulus be refreshed to generate new transient
responses with different latencies. Because the rotating-snakes
illusion is sustained for a long time during steady observation,
some biological processes such as small eye movements and blinks
are thus required to refresh visual stimulation.
To explain both the rotating-snakes illusion and the Fraser–
Wilcox illusion, Backus and Oruç (2005) proposed that fast and
slow changes over time in neurally registered contrast and
luminance gradually deform the representation of stimulus shape,
creating illusory motion. Their hypothesis is that the rotating-
snakes illusion and the Fraser–Wilcox illusion result from
contrast/luminance adaptation; thus, this theory requires no
dynamic mechanism to refresh visual stimulation. In contrast,
there is anecdotal evidence that these illusions could be related
to involuntary eye movements (Naor-Raz & Sekuler, 2000).
Fig. 1. The display for the rotating-snakes illusion. (Top) The original design art
‘‘the Rotating Snakes” by A. Kitaoka. (Bottom) Stimulus conﬁguration of the simpler
display for the rotating-snakes illusion used in the present study. The order of the
array patterns determines whether the illusory motion is clockwise or counter-
clockwise. See http://www.ritsumei.ac.jp/~akitaoka/index-e.html for more exam-
ples of this illusion.
R. Hisakata, I. Murakami / Vision Research 48 (2008) 1940–1948 1941Murakami et al. (2006) explicitly tested the relationship be-
tween the rotating-snakes illusion and ﬁxational eye movements
that persist during observation. They found a positive inter-subject
correlation between the strength of this illusion and the magnitude
of ﬁxation instability due to incessant miniature drifts of the eyes
such that people with greater ﬁxation instability exhibit stronger
perception of the illusion. They consequently suggested that ﬁx-
ational eye movements indeed play a relevant role in generating
the rotating-snakes illusion. A model based on spatial/temporal
gradient detection (Marr & Ullman, 1981) has been proposed in
which certain imperfections of the temporal impulse response
(TIR) function of the visual system (Burr & Morrone, 1993; Kelly,
1961b) are viewed as key in generating illusory motion. Speciﬁ-
cally, the illusion was explained by assuming that the TIR is bipha-
sic and negatively biased.
In this study, we ﬁrst quantiﬁed whether the illusion becomes
greater in the periphery. In informal observations and using the
method of frequency counting, the illusion has been reported to
be intensiﬁed in the periphery (Fraser & Wilcox, 1979; Kitaoka &
Ashida, 2003; Naor-Raz & Sekuler, 2000). However, illusion
strength as a function of eccentricity has never been elucidated
with good precision because of the lack of psychophysical methods
to quantify the strength of the rotating-snakes illusion. We intro-
duced the cancellation method to quantify this motion illusion,
thereby determining the strength of the illusion as the physicalrotation velocity in the opposite direction at which the subjects
do not perceive motion. Second, we examined the effects of retinal
illuminance. As stated above, the previous models implied the
importance of the system’s temporal property in this illusion. Some
models require the rapid or transient response properties in an
early stage to detect the quick refreshment of the illusion ﬁgure,
whereas others do not need such a rapid movement or refresh-
ment. The manipulation of retinal illuminance allows the assess-
ment of the contribution of the system’s temporal characteristics
to the rotating-snakes illusion because the visual system’s tempo-
ral processing properties, as exempliﬁed by the TIR change with
illuminance (Burr & Morrone, 1993; Swanson, Ueno, Smith, &
Pokorny, 1987; Takeuchi & DeValois, 1997). This is the ﬁrst demon-
stration that the transient characteristics in early visual processing
indeed contribute to the rotating-snakes illusion.
2. Experiment 1: Effect of eccentricity
In Experiment 1, we investigated the quantitative relationship
between the rotating-snakes illusion and eccentricity.
2.1. Methods
2.1.1. Subjects
The participants were one of the authors (R.H.) and three naive
subjects (aged 18–22 years) who had normal or corrected-to-nor-
mal visual acuity.
2.1.2. Apparatus
The stimuli were generated by a computer (Apple PowerMac
G5), and were displayed on a 22-in. CRT monitor (Mitsubishi Elec-
tric RDF223H, 1600  1200 pixels, refresh rate 75 Hz, 0.025 deg/
pixel, driven by a videoboard with 10-bit depth). The viewing dis-
tance was 57 cm. The mean luminance was 48 cd/m2. Each subject
used only the right eye to view the stimulus in a dark room.
2.1.3. Stimuli
The stimulus was a ring composed of micropatterns, each of
which consisted of four stepwise luminance levels: white, light
gray, black, and dark gray (Fig. 1, bottom), which had normalized
intensities were 1, 2/3, 0, and 1/3, respectively. The Michelson con-
trast of the stimulus was 0.84. The ring had 24 cycles of this wave-
form. The outer and inner diameters of the ring were 7 and 1 deg,
respectively, where ‘‘1 deg” corresponds to one degree of visual
angle.
There were two stimuli types: a clockwise stimulus (CW) and
a counterclockwise stimulus (CCW). The CW stimulus was com-
posed of the abovementioned luminance micropatterns arranged
in a clockwise direction and appeared to rotate clockwise. The
CCW stimulus was the mirror reversal of the CW stimulus and
appeared to rotate counterclockwise. The sub-pixel animation
technique was used to generate slow rotations of this stimulus
(Fig. 2).
The eccentricity was deﬁned as the distance between the center
of the stimulus and the center of the ﬁxation point (a bull’s eye, in-
ner circle 0.25 deg and outer circle 0.5 deg in diameter). Nine
eccentricities in the range of 0–20 deg were tested. In an informal
observation, the stimulus ring presented in one hemiﬁeld yielded a
much stronger illusory motion than the ring presented around the
ﬁxation point (i.e., two hemiﬁelds), at a variety of stimulus sizes
and conﬁgurations. From this observation, we chose to present
the stimulus ring within the left visual hemiﬁeld in all eccentricity
conditions (except for 0 deg). This inevitable compromise due to
illusion optimization resulted in the actual stimulus size subtend-
ing ±3.5 deg around the designated eccentricity at the stimulus
center.
Fig. 2. Stepwise luminance pattern. To make sub-pixel animation, the pattern was
drawn in a virtual array (256 cells per cycle) in computer memory and was blurred
by convolution with Gaussian (r = 4 cells). This virtual waveform was graphically
rendered on the screen to make a circular repetitive pattern as shown in Fig. 1.
1942 R. Hisakata, I. Murakami / Vision Research 48 (2008) 1940–19482.1.4. Procedure
The stimulus speed that gave the point of subjective stationarity
(PSS) was measured using the method of constant stimuli. The
stimulus drifted either in the clockwise or the counterclockwise
direction at a speed between ±0.525/s by steps of 0.105/s, where
‘‘1/s” corresponds to one degree of polar angle per second. (For
subject I.K., the speed range was doubled to cover his shallower-
than-average psychometric functions.) The stimulus was presented
for 0.5 s. The subjects made a two-alternative judgment as to
whether the stimulus ring seemed to rotate in the clockwise direc-
tion or in the counterclockwise direction. For each speed, 24 re-
sponses were collected through two sessions. Each psychometric
curve was ﬁtted with the cumulative Gaussian function.
The speed and the stimulus type (CW or CCW) were random-
ized within a session. From session to session, the eccentricity
was changed in a random order.00
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Fig. 3. Data for subjects R.H. and H.T. in Experiment 1. Each psychometric curve was
probability of seeing counterclockwise rotation is plotted against rotation velocity. Sepa
dashed curve: the raw probability data and best-ﬁt curve for the CCW stimulus. Filled cir
The notation ‘‘1” denotes one degree of polar angle, whereas ‘‘1 deg” denotes one degr2.2. Results
The psychometric functions for the two types of stimuli, i.e., CW
and CCW, were calculated for each eccentricity. Fig. 3 shows the
psychometric curves for two subjects. The probability of seeing
the counterclockwise rotation was plotted against physical rota-
tion speed, with the positive direction corresponding to the phys-
ical counterclockwise direction. Thus, if the subject perceived the
illusion in the CW stimulus, namely if a stationary stimulus ap-
peared to rotate clockwise, then the PSS should be found in some
positive velocity in this chart. At almost all eccentricities, this
was indeed the case: the psychometric function for the CW stimu-
lus (solid curve) signiﬁcantly shifted toward positive, whereas that
for the CCW stimulus (dashed curve) signiﬁcantly shifted toward
negative.
Fig. 3 indicates that with increasing eccentricity, shifts of psy-
chometric functions became larger. In other words, the rotating-
snakes illusion was greater at larger eccentricities. The two types
of stimuli (CW and CCW) were only opposite to each other in the
direction of luminance pattern and in the direction of the resulting
PSS shift; otherwise, their results did not differ. Hence, we quanti-
ﬁed the illusion strength by the average cancellation velocity,
namely the distance between the PSSs for the two stimulus types
divided by two.
The cancellation velocity data at all eccentricities for all subjects
were plotted in Fig. 4. All subjects had a clear dependence on
eccentricity. The illusion scarcely occurred at central and parafo-
veal vision, but beyond 4–6 deg, increased in magnitude with
increasing eccentricity, and more or less leveled off beyond
12 deg for all subjects except for R.H., who saw a greater illusion
with further increasing eccentricity.
As the proﬁle seemed to have the above three distinct subre-
gions, we performed a statistical test by dividing the eccentricity
range into three groups, Near (0–6 deg), Middle (8–12 deg) and
Far (14–20 deg). A signiﬁcant effect of eccentricity was found,
and post-hoc analysis revealed a signiﬁcant difference of illusion
strength between Near and others (Middle and Far) (ANOVA,
F(2,9) = 11.18, p < .05). Linear regression analysis across subjects
also yielded a signiﬁcant regression coefﬁcient (R2 = 0.58, t = 6.97,
p < .001).
As seen in Fig. 3, the slope of the psychometric curve did not
change dramatically across eccentricities. To show that the eccen-
tricity dependence of illusion strength is not related to changes in0 0
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ﬁtted with the cumulative Gaussian function using the least-squares method. The
rate charts for each subject correspond to different eccentricities. Open circles and
cles and solid curve: the raw probability data and best-ﬁt curve for the CW stimulus.
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Fig. 4. Cancellation velocity in Experiment 1 plotted against eccentricity. The data
at 0 deg eccentricity is plotted separately because the stimulus covered both left
and right visual hemiﬁelds only in this condition. The data for the four subjects are
shown in separate panels. The notation ‘‘1” denotes one degree of polar angle,
whereas ‘‘1 deg” denotes one degree of visual angle. Error bars indicate standard
errors estimated by the bootstrap method (repeated 10,000 times).
R. Hisakata, I. Murakami / Vision Research 48 (2008) 1940–1948 1943slope, or motion sensitivity, the motion detection threshold was
plotted against eccentricity (Fig. 5). The threshold was deﬁned as
the velocity difference from the PSS that just yielded a 75% rate
of the judgment of ‘‘counterclockwise”, hence corresponding to
0.674r of the best-ﬁt cumulative Gaussian function (because there
were two r’s for the CW and CCW psychometric functions, we took
their average and multiplied it by 0.674). Across-subject data
yielded no signiﬁcance of eccentricity dependence (ANOVA and
linear regression). For two out of the four subjects, the motion
detection threshold tended to increase at larger eccentricities. Even
for these subjects, however, the sensitivity did not systematically
change at least within 0–12 deg eccentricities, i.e., the range in
which we actually found a clear change of illusion strength. These
facts indicate that motion sensitivity affected illusion strength
minimally if at all.
From these results, we ascertained the validity of the cancella-
tion method to quantify the rotating-snakes illusion, and psycho-RH HT
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Fig. 5. Motion detection threshold in Experiment 1 plotted against eccentricity. The
notation ‘‘1” denotes one degree of polar angle, whereas ‘‘1 deg” denotes one
degree of visual angle.physically conﬁrmed the anecdotal evidence that the illusion is
exaggerated in the periphery. For the stimulus size we tested here,
the illusion was greatest at the eccentricity of 12 deg or larger.
3. Experiment 2: Effect of retinal illuminance
In Experiment 2, the effect of retinal illuminance was examined.
It is well known that the visual system’s temporal processing for
higher frequencies deteriorates at lower retinal illuminances, as
exempliﬁed by the change in the shape of the TIR function (Burr
& Morrone, 1993; Sheliga, Chen, FitzGibbon, & Miles, 2006;
Swanson et al., 1987; Takeuchi & DeValois, 1997).
3.1. Methods
3.1.1. Subjects
The participants were the same four subjects as in the ﬁrst
experiment.
3.1.2. Apparatus
Neutral-density ﬁlters (Fujiﬁlm ND-ﬁlter, # 0.3, 1.2, 1.5, 1.8, 1.6,
1.9) were used to adjust incoming light intensity. Each subject’s
pupil diameter was measured by an eye tracker with a video cam-
era and pupil detection software (SR research, EyeLinkII, sampling
rate 250 Hz) while the subject passively viewed the ﬁxation point
on a mean-luminance background. Otherwise the same equipment
as in Experiment 1 was used.
3.1.3. Stimuli
The same stimuli as in Experiment 1 were used but the eccen-
tricity was ﬁxed at 12 deg as the best position across all observers.
The Michelson contrast of the stimulus was 0.84. The light inten-
sity was controlled in six reduction rates (161, 321, 641,
1281, 2561, and 5121). Light stimulation through the neutral-
density ﬁlters was measured by a photometer (Minolta ft-1P cal-
ibrated with Cambridge Research Systems ColorCAL). The lumi-
nance multiplied by the pupil area gave the troland value.
3.1.4. Procedure
After 10 min of dark adaptation, the subject observed the stim-
ulus through a neutral-density ﬁlter placed in front of the right
eye; the left eye was completely occluded by an opaque occluder.
Both the ﬁlter and the occluder were placed into ophthalmoscopic
goggles worn by the subject. The subject undertook the same
experimental session as in Experiment 1. Each dark adaptation
was followed by one session at one illuminance and another ses-
sion at another illuminance. (The second session was always
brighter than the ﬁrst to avoid uncontrolled deterioration of the
dark-adaptation level that might have occurred in the opposite or-
der; the effect of the session order was conﬁrmed to be insigniﬁ-
cant by comparing data across days.) After these two sessions,
the subject took a break (at least 20 min but typically one day or
longer) outside the darkroom for ethical reasons.
3.2. Results
Fig. 6 shows the psychometric curves for two subjects. As in
Experiment 1, we obtained horizontally shifted curves for the CW
and CCW conditions and therefore reliable cancellation velocities
at each illuminance level. The average cancellation velocity at each
retinal illuminance was calculated as in Experiment 1 (Fig. 7). The
cancellation velocity clearly increased as the retinal illuminance in-
creased. Linear regression analysis within subject revealed the sig-
niﬁcance of the regression coefﬁcient except for subject I.K. Linear
regression across subjects also identiﬁed a signiﬁcant regression
coefﬁcient, y = 0.01 + 0.07  (R2 = 0.52, t = 5.11, p < .001).
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Fig. 6. Data for subjects R.H. and H.T. in Experiment 2. Each psychometric curve was ﬁtted with the cumulative Gaussian function. Separate charts for each subject correspond
to different retinal illuminances. Other conventions are identical to those in Fig. 3.
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Fig. 8. Motion detection threshold in Experiment 2 plotted against retinal
illuminance on logarithmic scale. The data from Experiment 1 at the same
eccentricity are re-plotted with the open symbol (this point was not included in
the statistical analysis, but if included, the results are the same and even clearer).
Other conventions are identical to those in Fig. 4.
1944 R. Hisakata, I. Murakami / Vision Research 48 (2008) 1940–1948The slope of the psychometric function did not change dramat-
ically, indicating that the motion sensitivity did not differ much
across the tested illuminances. Motion detection thresholds were
plotted against retinal illuminance (ﬁg. 8). Linear regressions
across and within subjects were not signiﬁcant. If the illusion
strength simply mirrored the detection threshold, the proﬁles in
Fig. 7 should qualitatively look like an upside-down version of
those in Fig. 8, but actually their proﬁles are very dissimilar. Also,
there was no signiﬁcant correlation between illusion strength and
detection threshold. As in Experiment 1, changes in sensitivity data
cannot well explain the dependence of illusion strength on retinal
illuminance.
In subsidiary experiments, we roughly tested possible param-
eters that might confound with retinal illuminance. To check vi-
sual acuity, we did a change detection task under higher
(2.72 log Td) and lower (0.98 log Td) illuminances. The CW stim-
ulus and CCW stimulus in the same phase were successively
ﬂashed at the same position as two pulses; the only difference
between pulses was that the light gray part was replaced by dark
gray, and the dark gray part by light gray. If the visual system
failed to resolve higher-than-fundamental frequencies, the perfor-mance should be at chance. Actually, the percentage of correct re-
sponses was signiﬁcantly different from the chance level (98.5% at
2.72 log Td and 97.5% at 0.98 log Td), indicating that the CW and
CCW stimuli were differentially registered in the visual cortex at
both illuminance levels. We also ensured that oculomotor statis-
tics during ﬁxation did not change with illuminance (data not
shown).
That decreasing retinal illuminance using neutral-density ﬁlters
indeed decreased the strength of the rotating-snakes illusion sug-
gests that the biphasic proﬁle of the TIR function, which is compro-
mised at lower illuminances, is a key factor of the underlying
mechanism of this illusion.
4. Supplementary experiment: Measurement of the temporal
impulse response function
We attempted to ensure that the shape of the TIR function in-
deed shows a biphasic proﬁle at the tested eccentricity and actu-
ally changes to monophasic with decreasing illuminance. We
used the double-pulse method used by Burr and Morrone (1993)
to estimate the TIR.
R. Hisakata, I. Murakami / Vision Research 48 (2008) 1940–1948 1945Subjects used the right eye to view the stimulus generated by a
visual stimulus generator (Cambridge Research Systems, Visage,
with 14-bit depth) on a CRT screen (RDF223H, refresh rate
120 Hz, 0.0387 deg/pixel). The stimulus was a horizontal Gabor
patch with a carrier frequency of 1 c/deg and envelope r of
1.75 deg, located at 12-deg eccentricity to the left. The Gabor patch
was presented twice, for one frame each, with various stimulus-
onset asynchronies (SOA). The two successive stimulations were
of either identical contrast (positive condition) or of equal-but-
opposite contrast (negative condition). To measure the contrast
threshold, we used the two-interval forced choice procedure (i.e.,
the two-pulse Gabor patch was shown in one interval, whereas
the screen was left blank in the other interval) with the method
of constant stimuli. The psychometric curve p against contrast c
was ﬁtted with the Weibull function, p = 1  0.5 exp[(c/a)b], to
yield the contrast detection threshold corresponding to an 81.6%
correct level. We tested three illuminances (see Fig. 9) for subject
R.H. and the brightest condition for H.T. Each session started after
10 min of dark adaptation.
Fig. 9A shows the contrast sensitivity (inverse of threshold) for
subject R.H. as a function of SOA. The continuous curves are the
predictions from the model used in Burr and Morrone’s (1993)
study. The impulse response I(t) was approximated by an exponen-C
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Fig. 9. Results of Supplemental Experiment. (A) Contrast sensitivity for the double-puls
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negative condition is impossible. The smooth curves passing through the data were obta
estimated at three retinal illuminances. These functions are described by Eq. (2) with fou
1.84 log Td, they were (208.83, 16.27, 9.01, 53.76). Under 0.98 log Td, they were (109.87,
10.38, 59.20).tially damped, frequency-modulated sinusoid, governed by four
free parameters:
IðtÞ ¼ a0HðtÞt sinð2pða1tðt þ 1Þa2 ÞÞ expða3tÞ ð1Þ
where H(x) = 1 for xP 0 and 0 otherwise. Because at threshold re-
sponses to two successive stimuli are assumed to sum linearly,
the visual response R(t,s) to two pulses of equal contrast at SOA s
is R(t, t) = I(t) ± I(t + s) (‘‘±” for positive and negative conditions,
respectively). Finally, the sensitivity S(s) is determined as
SðsÞ ¼
Z
j Rðt; sÞjbdt
 1=b
¼
Z
j IðtÞ  Iðt þ sÞjbdt
 1=b
: ð2Þ
We ﬁtted our contrast sensitivity data with Eq. (2) using the least-
squares method.
The estimated TIR functions that produced the best ﬁt to the
data in Fig. 9A are shown in Fig. 9B at three illuminance levels.
For both subjects, the shape of the TIR was a clear biphasic function
at the brightest condition at the tested eccentricity of 12 deg, with
fast excitatory and slow inhibitory peaks. The TIR actually changed
from biphasic to monophasic with decreasing retinal illuminance.
This result is consistent with a previous study of TIR estimation
at the fovea (Kelly, 1961b).2.72 log Td
1.84 log Td
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0 0.40.2
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ition) were obtained by doubling the sensitivity to the single pulse. Zero SOA in the
ined by the ﬁtting procedure described in the text. (B) Impulse response functions
r parameters. Under 2.72 log Td, (a0, a1, a2, a3) = (229.47, 21.09, 9.96, 39.05). Under
6.15, 0, 44.53). Subject H.T.’s data under 2.62 log Td, (a0, a1, a2, a3) = (1340.50, 23.69,
1946 R. Hisakata, I. Murakami / Vision Research 48 (2008) 1940–1948We noted a transient characteristic in the estimated TIR func-
tions. The biphasic shape of the TIR function indicates that the vi-
sual system has a band-pass temporal CSF (the power spectra of
the TIR). In the psychophysical literature, it has been proposed that
there are mainly two temporal channels in human visual process-
ing: one is transient and the other is sustained (e.g., Anderson &
Burr, 1985; Burbeck & Kelly, 1980; DeValois & Cottaris, 1998;
Fredericksen & Hess, 1998; Watson & Robson, 1980; Wilson,
1979). Assuming that the temporal response property of the whole
visual system is the linear sum of the responses of the transient
and sustained channels, we tried to ﬁnd their shapes against
temporal frequency that best explained the estimated CSF (Fig.
10). The transient and sustained components, Ct(f) and Cs(f),
respectively, were formulated as logarithmic Gaussians:
Ctðf Þ ¼ gt expððlog f  logltÞ2=2r2t Þ ð3Þ
Csðf Þ ¼ gs expðGðlog f  loglsÞ2=2r2s Þ ð4Þ
where G(x) = x for xP 0 and 0 otherwise. Of all the free parameters,
gt, gs, lt, and rt were allowed to vary depending on retinal illumi-
nance, whereas ls and rs were constrained as common across illu-
minances. We determined the best-ﬁt Ct(f) and Cs(f) (Fig. 10). The
estimated cut-off frequencies were similar to previous estimations
(Hess & Snowden, 1992; Kelly, 1961a; Snowden & Hess, 1992).
The relative amplitude of the band-pass, transient component
clearly decreased with decreasing illuminance. The amplitude ratio
of transient to sustained channels changed from 1.97, 1.77 to 0.34Po
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Fig. 10. Left column: Normalized temporal contrast-sensitivity function (CSF) for
each illuminance. Right column: The best-ﬁt transient and sustained components
for each CSF. The solid and shaded curves indicate the transient and sustained
components, respectively.as illuminance decreased. Interestingly, this behavior is similar to
the decrease of illusion strength with decreasing illuminance (see
Fig. 7, subject R.H.).
Although this analysis is primitive and more data are needed to
draw a ﬁrm conclusion, it seems possible that the transient pro-
cessing component in the visual system contributes to the strength
of the rotating-snakes illusion.
5. General discussion
We examined the effects of eccentricity and retinal illuminance
on the rotating-snakes illusion. In Experiment 1, we found that the
illusion strength quantiﬁed as the cancellation velocity increased
with increasing eccentricity up to 10–14 deg. In Experiment 2,
we found a decrease of illusion strength with decreasing retinal
illuminance. In Supplemental Experiment, the TIR functions for ac-
tual observers were measured using the double-pulse method at a
few of the illuminance levels tested in Experiment 2, and we ob-
tained a clearly biphasic proﬁle at the brightest illuminance and
at the best eccentricity for the illusion to occur.
5.1. The effect of eccentricity
The stimulus ring was presented in the left half of the visual
ﬁeld (except for 0 deg condition) and, in Experiment 1, we
conﬁrmed that the illusion is stronger at larger eccentricities. Our
results quantitatively support the observation that the rotating-
snakes illusion seems more vivid in peripheral vision (Kitaoka &
Ashida, 2003) and are consistent with other previous studies on
illusory motions in static images (Naor-Raz & Sekuler, 2000).
A wide variety of visual performances depend on the location in
the visual ﬁeld, for example contrast sensitivity, visual acuity, crit-
ical ﬂicker frequency, color perception, and differential motion
(Abramov, Gordon, & Chan, 1991; Millodot, Johnson, Lamont, &
Leibowitz, 1975; Murakami & Shimojo, 1993; Raninen & Rovamo,
1986; Rovamo & Virsu, 1979; Virsu & Rovamo, 1979). Many of
them are scalable by some scaling factor such as cortical magniﬁ-
cation, receptive-ﬁeld size, and other physiological and anatomical
structures that vary across locations in the visual ﬁeld (e.g., Curcio,
Sloan, Kalina, & Hendrickson, 1990; Dow, Snyder, Vautin, & Bauer,
1981). In light of this concept of scaling, the observed dependence
on eccentricity could be transformed into dependence on stimulus
size in cortical units. Because different visual performances could
lead to different scaling factors suggesting different mechanisms,
this approach might ultimately identify the possible cortical mech-
anism of the illusion. The rotating-snakes illusion strength was a
reasonably smooth function of eccentricity. However, it is not pos-
sible to apply the spatial scaling technique per se to our data be-
cause the stimulus size and other spatial properties (e.g., number
of cycles) were constant throughout all eccentricity conditions.
We are currently investigating the issue of the spatial scalability
of the rotating-snakes illusion by systematically manipulating sev-
eral spatial factors concurrently with the manipulation of eccen-
tricity (Hisakata & Murakami, in press).
5.2. The effect of retinal illuminance and its relationship with the
transient temporal response property
The present study convincingly shows that the illusion can be
cancelled by real motion, implying that the illusory and real mo-
tions share a common visual pathway. If so, the illusion is expected
to be compromised by an experimental manipulation to compro-
mise transient temporal responses mediating our vivid motion per-
ception in more generic terms. That is exactly what we found in
Experiment 2: attenuating retinal illuminance, which is often used
to change the human TIR from biphasic to monophasic, or from the
R. Hisakata, I. Murakami / Vision Research 48 (2008) 1940–1948 1947band-pass temporal contrast-sensitivity function (CSF) to a more
low-pass one (Burr & Morrone, 1993; Ikeda, 1986; Kelly, 1961b;
Sheliga et al., 2006; Swanson et al., 1987; Takeuchi & DeValois,
1997), indeed deteriorated the illusion strength. In accordance
with previous studies done at the central vision, in Supplemental
Experiment, we found a gradual change of the shape of the TIR
as a function of retinal illuminance at 12 deg eccentricity as well.
At the darkest condition, the response function was almost com-
pletely monophasic. At the brightest condition, in contrast, the
TIR exhibited a biphasic function.
These results indicate that the transient processing system is
active at high retinal illuminances, however, it becomes less active
at low retinal illuminances. In contrast, spatial or more sustained
properties, for example form acuity (Low, 1946), minimum angle
of resolution (Yap, Levi, & Klein, 1989), and slow-speed motion
detection (van de Grind, Koenderink, & van Doorn, 2000) do not
greatly depend on retinal illuminance. Physiological experiments
also indicate that the basic receptive-ﬁeld properties, orientation
preference, and directional selectivity of neurons in the monkey
V1 (Duffy & Hubel, 2007), retina (Barlow, Fitzhugh, & Kufﬂer,
1957), and LGN (Wiesel & Hubel, 1966) do not change under bright
and dark illumination. Also, in Experiment 2, the motion detection
threshold itself was relatively immune to illuminance levels (Fig.
8). Thus, the psychophysical and physiological properties of spatial
processing and lower temporal frequency processing are invariant
across illumination levels in peripheral vision. Therefore, the
change in retinal illuminance presumably led only to the change
in mid-to-high temporal frequency processing properties while
preserving spatial properties.
In our future studies,wewill examine theways inwhich the tran-
sient channel is involved in this illusion bymanipulating spatial and
temporal values in a wider range of parameter space in conjunction
with concurrent monitoring of eye-movement statistics.
5.3. Relationship to previous studies
Conway et al. (2005) proposed that longer latencies for lower-
contrast stimuli artiﬁcially create the forward-phi and reversed-
phi situations in the early visual cortex. Between a pair of lumi-
nances with the same polarity, forward-phi occurs in the direction
from high-contrast white to low-contrast light gray, and from
high-contrast black to low-contrast dark gray, that is, in the direc-
tion of the stimulus sequence artiﬁcially created in the brain due to
differential latency. Between a pair with opposite polarities,
reversed-phi occurs in the direction from low-contrast light gray
to high-contrast black, and from low-contrast dark gray to high-
contrast white, that is, in the opposite direction to the artiﬁcially
created stimulus sequence just as the spatiotemporal correlation-
based motion detection scheme dictates (Anstis & Rogers, 1975).
In this way, Conway et al. (2005) claim that the differential-latency
model accounts for illusory motion between any adjacent pair of
luminances in the display for the rotating-snakes illusion. Our
results are partly compatible with this model. The reversed-phi
motion is detected more efﬁciently when the motion detector
has a slow inhibitory region in the spatiotemporal receptive ﬁeld,
a region possibly inherited from the negative lobe of the biphasic
TIR of local temporal processing units prior to motion detectors
(Adelson & Bergen, 1985). As the retinal illuminance is decreased,
the TIR changes from biphasic to monophasic, and the motion
detector loses the inhibitory region, and thus the reversed-phi is
not processed efﬁciently. The data of Experiment 2 are consistent
with this model in this vein. In a different context, the latency
asymmetry between on- and off-channels has been proposed as a
possible explanation for a motion illusion that is clearly perceived
although no directional signals cuing the perceived direction are
physically present (Del Viva, Gori, & Burr, 2006).Backus and Oruç (2005) also hypothesized that the neural rep-
resentation of stimulus contrast can dynamically deviate from the
veridical one, artiﬁcially creating motion signals in early visual
processing, and that the differences in latency and adaptation time
course between different contrasts and luminances are critical for
the rotating-snakes illusion. Because the change over time in the
adaptation state of visual neurons is sufﬁcient to evoke a strong
perception of motion (Petrov & Popple, 2002), Backus and Oruç
(2005) emphasized that the rotating-snakes illusion is a motion
illusion caused by adaptation to constant stimulation at the same
place, rather than by incessant stimulus refreshment (e.g., by eye
movements). Because the illusory motion is thought to cease after
a sufﬁcient period of adaptation, stimulus refreshment is required
in Backus and Oruç’s (2005) model only to restart the adaptation
process and thereby restart illusory motion. Our results are orthog-
onal to this model because our experiments were not aimed at
testing the importance of stimulus onset and the adaptation mech-
anisms. To determine whether the event of stimulus onset is crit-
ical, in a subsidiary experiment we inserted 0.5 s of extra time of
static-stimulus presentation before canceling velocity was applied
to the stimulus. Thus, we separated the stimulus onset event from
the time of measurement of cancellation velocity. The resulting
illusion strength was not affected (data not shown). Therefore,
the time elapsed after the stimulus onset may not be a critical fac-
tor for the rotating-snakes illusion, at least within the tested inter-
val. Also, Backus and Oruç’s (2005) model is orthogonal to the
shape of the TIR, so it does not predict a decrease in illusion
strength with changes in the shape of the TIR.
Murakami et al. (2006) found a positive correlation between the
illusion strength and the magnitude of ﬁxational eye. According to
the proposed model, the illusion arises from the processing of ret-
inal motion due to ﬁxation instability. Because of small eye move-
ments, the retinal image of the static ﬁgure is assumed to move in
random directions with the same probability. Because the retinal
image jitter by small eye movements is rapid and frequent, the
transient processing system is invoked as a detection mechanism
for these motion events. Velocity estimation is assumed to take
place at the points where spatial gradients are sufﬁciently steep
(Marr & Ullman, 1981). At these points, the local contrast decreases
with time when the pattern in Fig. 2 moves rightward and in-
creases when it moves leftward. If the temporal kernel of rapid
and transient motion detectors is biphasic and especially biased
negatively, this negative bias gives rise to the velocity overestima-
tion to a certain direction for the spatially asymmetric pattern. The
data from Experiment 2 and Supplemental Experiment partially
support these characteristics because the estimated TIR function
at the brightest illuminance was indeed biphasic and biased nega-
tively, whereas the TIR at an intermediate illuminance was also bi-
phasic, but was biased positively.
To account for the Fraser–Wilcox illusion, Faubert and Herbert
(1999) suggested a schematic theory of spatiotemporal interac-
tions of luminance signals. According to their theory, the Fraser–
Wilcox illusion is generated by three sequential processes: (i) eye
movements and/or blinks give rise to transients that are equivalent
to stimulus onsets although the stimulus is physically stationary;
(ii) the transient retinal input is registered with different latencies
depending on the luminance, and the spatiotemporal inclination of
luminance is thereby artiﬁcially created in the visual cortex; and
(iii) smooth global rotation of the whole image is neurally repre-
sented as a result of spatiotemporal integration in a peripheral
ﬁeld of view. For the rotating-snakes illusion, we could also specu-
late on the three stages, namely: (1) positional ﬂuctuations of the
retinal image of the stationary stimulus, usually caused by ﬁx-
ational eye movements (Murakami et al., 2006); (2) temporal pro-
cessing in an early stage leading to local motion components in the
direction of illusion; and (3) spatiotemporal integration of such
1948 R. Hisakata, I. Murakami / Vision Research 48 (2008) 1940–1948local components into a global percept of rotary motion in a higher
stage. Some supporting evidence for these multiple stages comes
from our recent investigation of human brain activity during the
perception of the rotating-snakes illusion: there was differential
activation in hMT+, which is deemed to process large-scale mo-
tions, but not in V1, where local motion components should be
coded (Kuriki, Ashida, Murakami, & Kitaoka, 2008; but see Beer,
Heckel, Winkler, & Greenlee, 2007).
6. Conclusion
We conﬁrmed that the rotating-snakes illusion is stronger in
the peripheral vision and found that the temporal transient pro-
cessing system is involved in the illusion. These results are consis-
tent with some models of the illusion. Our future tasks are to
consider the effects of spatial properties, such as size dependence,
and other dimensions, for example, prolonged duration, effects of
colors (Kitaoka, 2006), and interactions with eye-movement
statistics.
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